Na x CoO 2 that comprises of alternating Na and CoO 2 layers has exotic magnetic and thermoelectric properties that could favorably be manipulated by adding dopants or varying Na concentration. In this work, we investigated the structural and electronic properties of Sr and Sb doped Na x CoO 2 (x = 0.50, 0.625, 0.75 and 0.875) through comprehensive density functional calculations. We found that Sr dopants always occupy a site in the Na layer while Sb dopants always substitute a Co ion in the host lattice regardless of Na concentration. This conclusion withstood when either generalized gradient approximation (GGA) or GGA+U method was used. By residing on the Na layer, Sr dopants create charge and mass inertia against the liquid like Na layer, therefore, improving the crystallinity and decreasing the electrical resistivity through better carrier mobility. On the other hand, by substituting Co ions, Sb dopants reduce the electrical conductivity and therefore decrease the Seebeck coefficient.
INTRODUCTION
Layered sodium cobaltate (Na x CoO 2 ) is a promising material for high-efficiency thermoelectric energy harvesting at high temperatures. The advantage of Na x CoO 2 is in its complex lattice structure that consists of alternating Na layers and edge-sharing CoO 2 octahedral layers [1] . The triangular nature of CoO 2 layer creates high electronic frustration that results in large spin entropy [2] and therefore large Seebeck coefficient [3] . Additionally, in Na x CoO 2 , heat carrying phonons are strongly scattered by the Na + ions which have a liquid like pattern at temperatures above ambient [4] . This combination offers pathways for favorably and independently adjusting all otherwise interdependent factors of the figure of merit (ZT ) [5, 6] . From a materials engineering viewpoint, doping various elements has been extensively explored to improve the Na x CoO 2 's thermoelectric performance. For example, heavier ions such as rare earth elements [7] and Ag [8] were used to decrease the lattice thermal conductivity (k l ) as a strategy to improve the ZT of the Na x CoO 2 systems. In one instance, 5% of Yb dopants significantly increased the Seebeck coefficient to 250 µVK −1 at T = 1000 K (∼ 150 µVK
for pristine Na x CoO 2 ), however, with the side effect of increased resistivity [7] . Due to similar trade-offs in ceramic sodium cobaltate systems doped with various elements, the upper limit for ZT has stagnated at values below one despite the intensive research efforts in recent years [9] . Further progress in the field requires a fundamental atomistic level understanding of how the property tradeoffs are correlated with the behavior of dopants and Na concentration in Na x CoO 2 . One particular concern is that due to the difference in the bonding nature and local chemical environment of the CoO 2 and Na layers in Na x CoO 2 systems, a particular dopant may be stable at different lattice sites as Na concentration varies. Interactions governing dopants' behaviors are strongly dominated by the chemical coordination, which can be determined by techniques such as the analysis of x-ray absorption near edge structure analysis. However, such measurements are fundamentally limited by the energy range of the instruments. As a result, the theoretical investigation becomes an indispensable tool to provide insight in this regard. Theoretically, research on the effect of Na concentration on the electrical and structural properties has been conducted using standard density functional theory (DFT) [10] [11] [12] [13] , DFT plus Monte Carlo approach [14] and DFT plus Gutzwiller method [15] . However, these studies have mainly been focused on the pristine Na x CoO 2 system only. In this work, we investigate the behavior of Sr and Sb dopants in Na x CoO 2 for values of x = 0.50, 0.625, 0.75 and 0.875 by density functional theory. Na x CoO 2 with higher Na concentration of x > 0.5, as investigated here, has excessively higher thermopower and thus is appealing for practical applications [16] . We chose Sr and Sb as a dopant particularly because they have exceedingly higher atomic masses than all other elements of the host material thus may favorably affect thermal conductivity.
COMPUTATIONAL SETTINGS
All-electron ab initio spin-polarized density functional calculations were performed using Accelrys's DMol 3 package [17, 18] . Self-consistent energy calculations were performed with double-numeric plus polarization (DNP) basis set for all electrons while generalized gradient approximation (GGA) based on Perdew-Wang formalism [19] was applied for exchange-correlation functional. Real-space global cutoff radii were set for all elements at 5. for Na orbitals. Brillouin zone sampling was carried out by choosing a 4 × 2 × 2 k-point set within MonkhorstPark scheme with a grid spacing of ∼ 0.05 A −1 between k points. Total energy convergence test was performed by increasing the k point mesh to 6×3×3; it was found that the total energy changed by only 10 −5 eV/atom, therefore the results were well converged. Finally, we used direct inversion in the iterative subspace algorithm [20] to optimize the ionic position where we set the convergence thresholds for energy, Cartesian components of internal forces and displacement at 10 −5 eV/atom, 0.01 eV/ A, and 0.005 A respectively. The lattice parameters of the primitive NaCoO 2 unit cell were found to be 2.87 A for a and 10.90 A for c which are in reasonable agreement with experimental lattice parameters [21] differing by 1.04% and 0.91% for a and c respectively. Then a 4a × 2a × 1c supercell of Na 16 Co 16 O 32 constructed to create the Na deficient systems. To obtain the final atomic geometries, the internal coordinates of all ions in the supercell were relaxed while fixing the lattice parameters to their theoretical values of the pristine NaCoO 2 in order to avoid artificial hydrostatic pressure. To vary sodium concentration, Na ions were systematically removed from the original supercell to create Na x CoO 2 . In Na deficient systems, the lattice parameters vary slightly with Na concentration, however, DFT results are not sensitive to this small variation [11] . The ground state (lowest energy) arrangements of the Na ions in Na x CoO 2 were adopted after our previous work [22] .
RESULTS AND DISCUSSIONS

Formation Energies of the Sr and Sb Dopants
Since we only considered cationic dopants, dopants' formation energy (E f ) was calculated for four possible crystallographical configurations for any given Na concentration. In the first configuration, the dopant substituted a Na ion at Na1 site creating a Sr Na1 or Sb Na1 configurations. In the second configuration, the dopants substituted a Na ion at Na2 site creating a Sr Na2 or Sb Na2 configurations. Na1 and Na2 are two crystallographically distinct positions of Na ions within the unit cell. Na1 shares the same basal coordinates with an Co while Na2 shares the same basal coordinates with a O as demonstrated in Fig. 1 . In the third configuration, the dopant occupied an interstitial site in Na layer creating Sr Int or Sb Int configurations. Finally, the fourth configuration was constructed by substituting the dopant for a Co ion creating Sr Co or Sb Co configurations. Since the ionic volume of both Sr and Sb were in the order of ∼ 2 × 10 −4 nm 3 which is much larger than the interstitial cavity in CoO 2 layer of 1.79 × 10 −7 nm 3 , this interstitial site was not considered. The formation energy (E f ) of the dopants was calculated with the standard procedure [23] as described by the following equation:
Here, E t (Na x CoO 2 : X) is the total energy of the Na x CoO 2 supercell containing the dopant X, and E t (Na x CoO 2 ) is the total energy of the pristine Na x CoO 2 supercell. µ α and µ X are the chemical potentials of the removed and added elements respectively. The chemical potentials of Co, Na, Sb and Sr were calculated from the total energies of their respective most stable oxides that is CoO, NaO 2 and Sb 3 O 4 and SrO, representing an oxygen-rich condition, by the following equation:
in which X n O m is the most stable oxide of the corresponding elements X (X = Co, Na, Sr and Sb). We found that E t (O 2 ) was −5.94 eV which was in good agreement with previous DFT calculations [24] .
The formation energies of Sr dopants in Na x CoO 2 for the four aforementioned configurations are presented in Fig. 2 (a). In the case of 50% Na concentration (Na 0.50 CoO 2 :Sr), the most stable configuration was Sr Int with an E f of 0.83 eV. The second most stable configuration, Sr Na1 , had a slightly higher E f of 0.86 eV. The third most stable configuration was Sr Na2 which had a relatively higher E f of 2.18 eV, while the highest E f was that of Sr Co which was 5.15 eV. For Na concentration 62.5% (Na 0.625 CoO 2 :Sr), the most stable configuration was Sr Int with an E f of 1.64 eV followed by Sr Na1 with an E f of 1.95 eV and then by Sr Na2 that had an E f of 2.17 eV. The least stable configuration was Sr Co with a formation energy of 4.86 eV. So far the sequence of stable configurations for both Na concentrations of 50% and 62.5% was identical; Sr Int was the most stable configuration while Sr Co was the least stable one.
For Na concentration of 75% (Na 0.75 CoO 2 :Sr), the most stable configuration was Sr Na1 with an E f of 2.43 eV followed by Sr Na2 with an E f of 2.71 eV and then Sr Int with an E f of 3.47 eV. The least stable configuration was Sr Co with a formation energy of 4.78 eV. For Na concentration of 87.5% (Na 0.875 CoO 2 :Sr), the most stable configuration was Sr Na2 with an E f of 3.55 eV followed by Sr Na1 with an E f of 3.74 eV and then by St Int with an E f of 4.19 eV. Once again, in a similar trend to previous Sr doped cases, the highest formation energy was that of Sr Co which was 4.39 eV. For higher Na concentration of 75% and 87.5%, the Sr dopants preferred to substitute an occupied Na ion in the host lattice structure while for lower Na concentrations of 62.5% and 50% Sr dopants, in contrast, tended to occupy an interstitial site. Furthermore, as Na concentration increased, the difference between the formation energies of the most stable configuration and the least stable configuration (always Sr Co ) decreased. This trend is marked by a pink arrow in Fig. 2 (a). Nonetheless, even for Na concentration of 87.5%, this difference in the formation energies was 0.65 eV which is large enough to render the Sr Co configuration improbable for any Na concentration.
The formation energies of Sb dopants in Na x CoO 2 are presented in Fig. 2(b) . In the case of 50% Na concentration (Na 0.50 CoO 2 :Sb), the most stable configuration was Sb Co with an E f of 0.98 eV. The formation energies of the configurations in which Sb is incorporated in Na layer were considerably higher. Sb Na1 , Sb Int and Sb Na2 each had an E f of 3.22 eV, 3.32 eV and 4.73 eV respectively. For the Na concentration of 62.5% (Na 0.625 CoO 2 :Sb), the most stable configuration was Sb Co with an E f of 1.40 eV followed by although with large margin Sb Int with an E f of 4.22 eV, Sb Na1 with an E f of 4.38 eV and finally Sb Na2 with 4.90 eV. For Na concentration of 75% (Na 0.75 CoO 2 :Sb), the most stable configuration was Sb Co with an E f of 1.86 eV followed by Sb Na1 with an E f of 4.81 eV and Sb Na2 with an E f of 5.45 eV respectively. The highest formation energy, in the case of x = 75%, was the one of Sb Int which was 6.89 eV. For Na concentration of 87.5% (Na 0.875 CoO 2 :Sb), the most stable configuration was, once again, Sb Co with an E f of 1.17 eV followed by Sb Na1 with an E f of 4.55 eV and Sb Na2 with an E f of 4.80 eV. Last, in a similar trend to the case of 75% Na concentration, the highest formation energy was the one of Sb Int which was 5.52 eV. In the case of Sb doping, in contrast to Sr doping, for all Na concentrations, the Sb dopants preferred to substitute a Co ion in the host lattice structure. Additionally, as Na concentration increased, the margin of the stability of the Sb Co configuration increased. For instance, in case 50% Na concentration, the difference between the E f of Sb Co and Sb Na1 (the first and second most stable structures) was 2.24 eV. This difference, in the case of 87.5% Na concentration, was raised to 3.37 eV.
For the purpose of comparison, we note that the formation energy of oxygen vacancy (V O ) in Na x CoO 2-δ is in range of ∼ 2.3 eV which, consequently, results in a negligible concentration of V O [25] . For Na concentration of 50%, the formation energy of Sb Co (0.98 eV) and that of St Int (0.83 eV) are considerably lower than that of V O which indicates fabrication using equilibrium techniques such as solid state sintering may be feasible for achieving measurable dopant concentrations. However, as Na concentration increases, so is the formation energy of the dopants, especially those of Sr implying that nonequilibrium techniques such as laser bean epitaxy deposition should be used to fabricate doped Na x CoO 2 with higher Na concentration.
The Electronic Structure
To investigate the electronic properties, we systematically examined the total and partial density of states (P/DOS) of the Sr and Sb doped Na x CoO 2 systems. We found that the general features of the DOS diagrams did not strongly depend on Na concentration. Therefore, as an example, we present the DOS of Na 0.75 CoO 2 :Sr Na1 and Na 0.75 CoO 2 :Sb Co in Fig. 3(a) and (b) respectively. As a general feature of both Sr and Sb doped systems, O 2p states approximately extend over an energy range of −7 eV to −2 eV while Co 3d states (grey shaded areas) concentrate in the region confined within 2 eV below Fermi level. As a result, the hybridization between Co and O states is rather weak. This feature is very similar to the previously calculated electronic structure of Na x CoO 2 using different computational codes [25, 26] and, as it appears, does not change by introducing Sr and Sb dopants. Fig. 3(a) represents the P/DOS of the Na 0.75 CoO 2 :Sr Na1 system. Both Sr 5s and 4p states are delocalized over the −7 eV to −2 eV with respect to Fermi level, hybridizing strongly with O 2p states. However, as Sr states diminish near Fermi level, the hybridization between Sr 5s and 4p states with Co 3d states becomes minimal. Furthermore, Sr DOS distribution in Na 0.75 CoO 2 appears to be very different from that of SrO in which Sr 4p states peak near Fermi level while Sr 5s states peak near the bottom of the valence band at E = −2 eV [27] . Instead, in the case of Na 0.75 CoO 2 :Sr, Sr 5s states strongly hybridize with Na 3s states as they are distributed in the same sub-bands (dashed blue lines in Fig. 3(a) ). As a consequent, Sr dopants are expected to behave in a similar fashion with the Na + ions as electron donors.
In the case of Sb doping, according to Fig. 3(b) , the valence band comprises a large peak of Co t 2g states near valence band maximum while the lower region of the valence band is mainly occupied by O 2p states. Sb 5p states, to some extent, hybridize with O 2p states , Sb dopants are expected to act, in contrast to Sr, as acceptors.
Alternative Doping Sites
The presented configurations in the previous section were fully optimized and corresponded to the lowest energy geometries, and therefore they are expected to prevail in thermodynamic equilibrium. However, nonequilibrium growth techniques such as spark plasma sintering [28] , pulsed laser deposition [29] and reactive solid-phase epitaxy deposition [30] methods are commonly used to fabricate doped Na x CoO 2 thermoelectrics. In materials fabricated by non-equilibrium methods, dopants may not occupy the thermodynamically most stable configuration. The complexity of the supercell in Na deficient systems provides many available doping sites for any given configuration of which only one is thermodynamically the most stable. In this section, we chose the Sr doped Na 0.625 CoO 2 system, as a prototype, to examine the variation of the formation energies of the four configurations when dopants were located at sites that were not of the lowest energy geometry. In the case of Sr Na1 , Sr Na2 and Sr Int configurations, we chose alternative lattice sites for which the nearest Na neighbor to the Sr dopant had shorter distance when compared to the lowest energy configuration. In of case of Sr Co , we chose a Co site that was sandwiched by Na1 ions along c direction instead of a Co site that was located in immediate vicinity of Na vacancy (lowest energy doping site). The alternative configurations are presented in Fig. 4 while the corresponding formation energies are presented in (a). In the case of Sr Na1 configuration, we chose an alternative Na1 site for substituting Sr that was slightly closer to the nearest neighbor Na ion within the Z = 0.5 plane. As shown in Fig. 4(a) and (b) , the distance between Sr Na1 and the nearest Na ion in the original and alternative configurations was 3.33 A and 3.10 A respectively. The configuration in Fig. 4(a) had a formation energy of 1.95 eV while the configuration in Fig. 4(b) had a formation energy of 1.99 eV. In the case of Sr Na2 dopant, we chose a configuration that shortened the distance between Sr Na2 dopant and the nearest Na ion from 3.28 A to 3.25 A as shown in Fig. 4(c) and (d) . In this case, the formation energy remained constant at a value of 2.17 eV for both configurations. In the case of Sr Int as in Fig. 4 (e) and (f), the distance between Sr dopant and the nearest Na ion within the Z = 0.5 plain was reduced from 3.15 A in the original configuration to 2.76 A in the alternative configuration which resulted in an increase in the formation energy from 4.86 eV to 5.04 eV. In the case of Sr Co , as in Fig. 4(g) and (h), the formation energy rose from 1.64 eV in the original configuration to 2.64 eV in the alternative configuration in which a Na shared the basal coordinate with the Sr Co dopant. By moving the Sr dopants away from their lowest energy sites to the next available neighboring site, the sequence of the stability of the configurations did not change. However, the formation energies of the Sr dopants in all configurations were slightly higher.
The Dependence of E f on the Choice of Functional GGA methods underestimates the bandgap of most oxides [31] and therefore may cause a systematic error in the calculated formation energies. However, this error is strongly system dependent as it is a function of the calculated bandgap and the position of the dopants' electronic states with respect to the band edges. In this regard, to improve the accuracy of DFT calculations, as an ad hoc solution, an orbital dependent Hubbard term (U) is commonly applied in order to prohibit 3d doubleoccupancy and therefore adjust the bandgap. U is either tuned manually to reproduce the spectroscopic features or determined self-consistently using a linear response method [32] . However, it should be noted that introducing a phenomenological parameter such as U , renders the calculations non-first-principles. Furthermore, since dopants' formation energies strongly depend on the choice of U , there is always a chance that the calculated formation energies severely disagree with the experimen-tal results [33] . The case for the NaCoO 2 systems is even more complicated as the bandgap varies with Na concentration; NaCoO 2 is a band insulator with a bandgap of ∼ 1 eV [34] while Na deficient Na x CoO 2 exhibits metallic conduction [35] . To investigate the general effect the U term on the formation energies of dopants' in Na x CoO 2 , we calculated the formation energies using the GGA+U method in the Na 0.75 CoO 2 system doped with Sb. Since many different values for U have previously been proposed for the Na x CoO 2 system ranging from 4.0 eV [14] to 5.5 eV [36] , as representative samples, we applied effective Hubbard values of U eff = 4 eV and 5 eV within the Dudarev et al approach [37] to Co 3d electrons only. The applied values for U eff have previously been suggested to offer a more realistic electronic description in pristine Na x CoO 2 [38] [39] [40] . We conducted the GGA+U calculations using VASP code (as GGA+U has not been implemented in DMol   3 ) with projector augmented wave method (PAW) method [41, 42] . We used similar thresholds for energy and atomic forces to the one of all-electron calculations and set the energy cut off at 500 eV. The results are presented in (b). In the case of U eff = 4 eV , Sb Co had the lowest formation energy of −0.12 eV followed by Sb Na1 with an E f of 1.74 eV, then Sb Na2 with an E f of 2.39 eV and finally Sb Int with an E f of 2.50 eV. In the case of U eff = 5 eV, Sb Co again had the lowest formation energy of −2.07 eV followed by Sb Na2 with an E f of 2.45 eV and then Sb Na1 with an E f of 2.61 eV and then Sb Int with an E f of 3.39 eV.
As the trend is clear in Fig. 5(b) , the sequence of the relative stability of all configurations in the Sb doped Na 0.75 CoO 2 system was not altered with the introduction of U eff term into the calculations. However, the absolute values of E f s decreased by ∼ 2 eV for Sb Na1 , Sb Na2 and Sb Int configurations for both U eff = 4 eV and U eff = 5 eV. Furthermore, for the Sb Co configurations, the E f decreased by ∼ 2 eV for U eff = 4 eV and by ∼ 4 eV for U eff = 5 eV. To identify what caused the lowered E f s, the P/DOS of the Na 0.75 CoO 2 :Sb Co system based on GGA and GGA+U are presented in Fig. 6(a) and (b) respectively. The P/DOS obtained by PAW-GGA as in Fig. 6(a) is very similar to that of all-electron P/DOS of Fig. 3(b) . However, the introduction of the U eff term changed the band structure. Since the U eff was applied to Co 3d, the gap between the filled t 2g states and the unfilled e g states increased to ∼ 2 eV, lowering the valence band maximum by ∼ 2 eV with respect to the Fermi level energy. Consequently, the hybridization between Co 3d states and O 2p states increased. However, Sb 5p states' position with respect to the valence band did not change, remaining at approximately −7 eV with respect to the Fermi energy. Moreover, the crystal field splitting of t 2g states created a manifold with one peak near the Fermi level which is marked by a red arrow in Fig. 6(b) . The downward shift of the valence band maximum contributed to the lowering of the formation energies of all configurations regardless of the Sb's doping site while Co 3d higher energy 3d peak is the cause of a further decrease in the formation energy of Sb Co 's as Sb 5p states possess much lower energy.
Although it has become clear that the absolute values E f s depend on the value of U , we see that the sequence of the stabilization of configurations is the same regardless of the choice of U . At this stage, there are no experimental data on the absolute E f s to clarify which value of U is the most appropriate for reproducing the experimental E f s. Furthermore, it has been also shown that GGA+U does not perform as well as GGA in some aspects, e.g. in reproducing experimental lattice parameters for Na x CoO 2 when x > 0.6 [33] while, in contrast, the application of U term reproduces the correct Co 3+ /Co 4+ charge ordering in pristine Na 0.75 CoO 2 [43] . That is because probably no unique value of U simultaneously reproduces both electronic and structural details of the Na x CoO 2 system. Nonetheless, it is clear that regardless of the value of U , the most stable dopant configuration is always recognized consistently.
Implications on Thermoelectric E f fect
In Na x CoO 2 , Co ions are in the valence state of 3+ and 4+ with six and five 3d shell electrons respectively. Because of the crystal field, 3d orbitals of the cobalt ion split into two sub-bands: a lower energy, triply degenerate band t 2g (d xy , d yz , and d xz ) and a higher energy, doubly degenerate band e g (d x 2 −y 2 and d z 2 ). The different possible ways of arranging the electrons in Co 3+ and Co 4+ is determined by the product of spin and orbital degeneracies and represents the entropy in the system. Now, consider an electron hopping between cobalt ions in the low spin state (schematically presented by sites 13 in Fig. 1(b) ). The band of the Co 3+ ion is completely filled, but the Co 4+ ion has an unfilled orbital and acts as a hole provider. As an electron hops from a Co 3+ to a Co
4+
, while the electrical current flows, the sites exchange a large entropy flux in the opposite direction. Therefore, in the Na x CoO 2 systems, an applied electric field causes a heat current of J Q = nνk b Ln2 in addition to the charge current of J = nνe where n and ν are the hole concentration and hole's group velocity. This entropy flux is the primary origin of the unusually large Seebeck coefficient in Na x CoO 2 . When a dopant such as Sb substitute a Co, holes should now hop through a five center CoOSbOCo complex to conduct electricity and entropy. Therefore, the hole has to transfer through Co 3d orbitals to Sb 5p orbitals then back to Co 3d orbitals. Fig. 3(b) indicates that Sb 5p states are located ∼ 5 eV lower than the Co t 2g states. Since resistivity is exponentially related to the energy barrier height, the electric current and entropy flux is expected to be significantly reduced by Sb dopants. As a consequence, the Seebeck coefficient in the Na x CoO 2 :Sb will be lowered.
On the other hand, when a dopant such as Sr is incorporated in Na layer, it does not significantly perturb the electrical conductivity or the entropy current. This guarantees that, upon Sr doping in Na x CoO 2 , the system maintains its high thermopower. Additionally, the heavier and more positively charged Sr ion creates both mass and electrostatic inertia against the mobile Na + ions at higher temperatures. As a result, by decreasing the disorder in the Na + layer, Sr dopants will improve the overall crystallinity of the system at higher temperatures. Consequently, the mean free path of the free carriers' increases, which in turn, improves both the carriers' mobility and the system's conductivity thus raising the ZT . This effect has been experimentally verified for other dopants which are incorporated in the Na layer.
For example, in Mg doped Na 0.8 CoO 2 system, Raman spectroscopy measurement indicated long range Na ordering at room temperatures [44] . Furthermore, neutron diffraction experiments have shown that Ca doping in Na layer creates a Na superlattice ordered over the long range at temperatures as high as 490 K [45] . A similar enhancement is expected in Eu doped Zn 0.75 CoO 2 for which DFT calculations predict Eu Na2 to be the most stable configuration [40] .
CONCLUSIONS
In this work, using all-electron density functional theory with GGA, the electronic and crystal structure of Sr and Sb doped Na x CoO 2 (0.5 ≤ x ≤ 0.875) was studied. We found that Sr dopants always occupy a site in the Na layer while Sb dopants always substitute a Co regardless of Na concentration. More importantly, this conclusion held when we examined the electronic correlation effects by introducing Hubbard term U eff into the calculations or when we considered the non-equilibrium crystallographical sites. The DOS analysis also indicated that Sr dopants were n-type donors while Sb dopants were p-type acceptors in their respective most stable configurations. By residing on the Na layer, Sr dopants, create charge and mass inertia against the liquid like Na layer, therefore, improving the crystallinity and decreasing the electrical resistivity through better carrier mobility. On the other hand, Sb dopants, by substituting a Co ion in the host matrix, reduce the electrical conductivity and the entropy flux resulting in a decreased Seebeck coefficient.
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